To evaluate the spinal cord atrophy that occurs in HTLV-1-associated myelopathy / tropical spastic paraparesis (HAM/TSP), we conducted magnetic resonance imaging (MRI) and pathological analyses. In the MRI study, 15 patients with HAM/TSP and 20 age-matched normal control subjects were enrolled. Anteroposterior and transverse distances and cross-sectional areas were measured and calculated at the C2, C4, C6, T2, and T6 vertebral levels. In the pathological study, spinal cord autopsy specimens were compared between a HAM/TSP case and an adult T cell leukemia/lymphoma case. In both the MRI and pathological studies, HAM/TSP spinal cords demonstrated more severe atrophy in the anteroposterior direction than those of controls. The spinal cord atrophy and pathological changes in HAM/TSP occurred predominantly in the white matter, especially in the lateral columns. This is the first report indicating spinal cord atrophy in the anteroposterior direction using MRI. In pathological analysis, atrophy and pathological changes were prominent in areas of the spinal cord with slow blood flow. Hemodynamic and anatomical factors are speculated to be among the main mechanisms of atrophy in the anteroposterior direction.
Introduction
Human T-lymphotropic virus type 1 (HTLV-1) was the first discovered oncogenic retrovirus, and is speculated to infect 10-20 million people worldwide [1] . There is still no effective treatment for HTLV-1, and avoiding breast-feeding is the only method of preventing infection [2] [3] [4] . Most infected individuals remain asymptomatic carriers throughout their lifetimes, but about 5-10% develop adult T cell leukemia/lymphoma (ATL) or HTLV-1-associated myelopathy / tropical spastic paraparesis (HAM/TSP) [5] . HAM/TSP presents with chronic progressive spastic paraparesis and neurogenic bladder. No effective treatment has been identified, and symptoms progress slowly and without remission. Furthermore, there has been no obvious decrease in the number of HTLV-1 carriers [4] .
Investigation of the pathology and pathogenesis of HAM/TSP remains an important issue.
A few studies have been conducted in this area, and T cell-mediated immune response is considered to be the primary etiology. Chronic meningomyelitis of the white and gray matter, followed by axonal degeneration in the middle to lower thoracic cord, are the main neuropathological findings. Later in the course of the disease, the pathological process is less active and the spinal cord becomes more atrophic [6] [7] [8] . Recently, these morphologic changes of the spinal cord were investigated using magnetic resonance imaging (MRI). Spinal cord atrophy in HAM/TSP was quantified neuroradiologically, and a significant correlation with disease
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5 severity was demonstrated [9] . Another study, however, indicated that no significant differences were found in clinical data, including disease duration and disability status, between individuals with normal spinal cords and HAM/TSP patients with atrophic spinal cords [10] . According to neuropathological studies, the spinal cord seems to atrophy mainly in the anteroposterior direction [7, 11] . However, no studies have quantitatively evaluated the distribution of pathological findings. The goal of this study was to evaluate these morphologic changes in detail and to identify a possible mechanism. We measured the anteroposterior diameter (APD), transverse diameter (TD), and cross-sectional area (CSA) of spinal cords of HAM/TSP patients using MRI, compared the parameters with those of normal control subjects (NC), and analyzed their correlations with disease severity. In addition, a neuropathological analysis was conducted in which we compared the pathological features of spinal cord autopsy specimens from one case each of HAM/TSP and ATL.
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Methods
This study consisted of two parts. The first was a retrospective analysis of spinal cord atrophy in HAM/TSP patients using MRI, and the second was a neuropathological analysis of two autopsy cases (HAM/TSP and ATL). The experimental procedures were approved by the local ethics committee and were carried out in accordance with the Declaration of Helsinki. Written informed consent was obtained from all subjects or family members.
MRI study
Subjects
This retrospective study included 15 consecutive patients with HAM/TSP (age, mean ± SD, 67 ± 15; duration of disease, 4.1 ± 3.0 years; female, n = 9) admitted to our hospital from April 2012 to December 2015, and 20 age-matched NC (age, 68 ± 7; female, n = 11) with absence of HTLV-1 infection by blood test. HAM/TSP was diagnosed according to the published WHO criteria [12] . Clinical disability in HAM/TSP was evaluated using the Expanded Disability Status Scale (EDSS) [13] and Osame's motor disability score (OMDS) [14] .
MRI acquisition
MRI of the cervical and thoracic spinal cord was performed in all participants using a 3.0 T
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MRI analysis
The APD and TD, defined respectively as the distances from the ventral to dorsal border and the left to right border of the spinal cord, were measured on a slice perpendicular to the spinal cord ( Figure 1A -C). CSA was calculated as an ellipse defined by the APD and TD (CSA = APD × TD × π / 4). The ratio of the APD to TD (RAT ) was also calculated to compensate for variability in body sizes. When the slice was not perpendicular to the spinal cord, we corrected the value using trigonometric function. Each parameter was measured and calculated at the midlines of the C2, C4, C6, T2, and T6 vertebral bodies, corresponding to the upper, middle, and lower cervical cord and upper and middle thoracic cord, respectively. These parameters were compared between HAM/TSP and NC, and their correlations with clinical disability scores were analyzed.
Statistical analysis
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Differences in APD, TPD, CSA, and RAT values between HAM/TSP patients and NCs were analyzed using the Mann-Whitney U test. The correlations between clinical features and spinal cord parameters were analyzed by the Spearman correlation coefficient test using SPSS version 22 software. The statistical significance level was set at P = 0.05.
Neuropathological analysis
Spinal cord autopsy specimens were compared between HAM/TSP (Case 1) and ATL (Case 2)
to verify that pathological changes were due to HAM/TSP rather than HTLV-1 infection. The clinical courses of these patients are described below. Specimens were obtained perpendicular to the spinal cord at the C2, C4, C6, and T2 vertebral levels. Staining using hematoxylin and eosin (HE), Klüver-Barrera, and AZAN were performed in the qualitative assessment. Furthermore, in HE-stained slices, APD, TD, RAT, and the area of total (= CSA), gray matter, white matter, anterior column, posterior column, and lateral column were measured for quantitative evaluation. The ratios of these areas to the total area were also calculated. Additionally, the degree of gliosis was evaluated with immunohistochemical staining for vimentin (DAKO, Glostrup, Denmark). The individual areas of each specimen were measured using NIS-Element-D 3.2 image analysis software (Nikon, Tokyo, Japan). The number of vimentin-immunopositive stellate cells was counted under a microscope (BX51, Olympus,
Tokyo, Japan).
Case 1: HAM/TSP
A 71-year-old Asian female was aware of gait disturbance and frequent urination for about 4 years, and was diagnosed with HAM/TSP after a neurological work-up. Although she received treatment with low-dose prednisolone, by age 74 she was unable to walk without a walker. Her gait disturbance gradually progressed, and 3 years later she began using a wheelchair. At the age of 80, she died of bacterial pneumonia.
Case 2: ATL
A 68-year-old Asian male noted the formation of a blister on his back. Additional blisters subsequently formed all over his body. He was admitted to the dermatology department of our hospital and was diagnosed with cutaneous adult T cell lymphoma. Prednisolone and etoposide were started, but he died due to blast crisis a year after diagnosis at the age of 69. Abnormal neurological findings were not seen until just before death.
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Results
MRI study
Spinal cord parameters at each vertebral level on MRI are indicated in Table 1 . APD, RAT, and CSA in HAM/TSP were significantly shorter or smaller at both cervical and thoracic levels than in NC (P < 0.05), while TD was significantly shorter only at cervical levels (P < 0.05).
The clinical disability scores, expressed as mean ± SD, of EDSS and OMDS in HAM/TSP were 3.5 ± 1.2 and 3.4 ± 1.2, respectively. These clinical disability scores were not significantly correlated with any of the spinal cord parameters, namely APD, TD, RAT, and CSA, at any vertebral levels (P > 0.05).
Neuropathological analysis
Qualitative assessment
Microscopically, the spinal cord of the HAM/TSP case showed marked atrophy in the anteroposterior direction and a reduction of myelin fibers relative to the ATL case at the C6 vertebral level ( Fig. 2A-F) . A magnified view of the lateral columns demonstrated monotonous degeneration, gliosis, and fibrous thickening of the vessel walls with a few inflammatory cells.
Long-lasting inflammation was apparent in HAM/TSP (Fig. 3A & 3C) , whereas the spinal cord of ATL was almost normal (Fig. 3B & 3D) . White matter degeneration was symmetric and
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were much more abundant in HAM/TSP than in ATL.
Quantitative assessment
Data on specific spinal cord regions in the two autopsy cases are indicated in Table 2 . As in the MRI study, CSA was smaller in HAM/TSP than in ATL at all vertebral levels. In HAM/TSP, the white matter area was smaller than that in ATL, especially in the lateral columns. APD, TD, and RAT in HAM/TSP were shorter or smaller than those in ATL. On immunohistochemistry, vimentin-positive stellate cells were abundant in the lateral columns at the C4-T2 vertebral levels in HAM/TSP (Fig. 4B) . In ATL, the number of vimentin-positive stellate cells in the lateral columns was similar to or less than in other regions ( Fig. 4A-C) . Taken 
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Morphological changes in the spinal cord and underlying mechanisms
MRI and pathological studies showed that atrophy of the spinal cord in HAM/TSP occurred mainly in the anteroposterior direction. The pathophysiology of HAM/TSP involves a chronic excessive immune response in the central nervous system [6] [7] [8] . Under such circumstances, diffuse spinal cord atrophy might be expected to occur, but the present study demonstrated that atrophy was most prominent in the anteroposterior direction.
In past reports, severe pathological changes were observed especially in regions of the spinal cord with low blood flow. It was also reported that the expression of VCAM-1, one of the most important adhesion molecules in lymphocyte migration, was increased in the spinal cords of HAM/TSP patients [6, 7] . Blood flow velocity appears to be deeply involved in the distribution of pathophysiological changes in HAM/TSP.
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We previously showed depressed glucose metabolism in the watershed area of the brain in HAM/TSP patients and suggested that pathological changes in HAM/TSP might be more pronounced in this region [15] . As seen in Fig The ASA and posterior spinal artery (PSA) anastomose on the surface of the spinal cord, in the VC, but not within the cord. Therefore, the watershed area between these three blood vessels is indicated by the shaded area in Fig. 5 , and is considered to be an area of slow blood flow.
Furthermore, since the lateral column regions correspond to the terminal distribution of the ASA and PSA, blood flow to the lateral columns might be particularly slow and induce more severe pathological change in these areas. In pathological study in HAM/TSP, the aforementioned areas of slow blood flow overlapped with the distribution of infiltrated UCHL-1 + cells, known as activated T cells [6] . We speculate that this slow blood flow is among the main causes of the characteristic spinal cord atrophy seen in HAM/TSP. In our analysis of the HAM/TSP autopsy case, the pathological changes in the blood vessels in the lateral columns were quite severe, which support the above hypotheses.
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Pathological assessment of the spinal cord in a HAM/TSP autopsy case
The morphological changes seen in the MRI study of living patients were also observed in the autopsy analysis. Chronic inflammatory findings were observed in the spinal cord of the HAM/TSP case, but not in that of the ATL case. These results indicate that the characteristic pathological changes observed in HAM/TSP depend on the pathology of the disease itself rather than on HTLV-1 infection.
Vimentin-immunopositive stellate cells, most of which were considered to be astrocytes, were more abundant in the lateral columns in HAM/TSP than in ATL. Moreover, the ratio of the areas of the bilateral lateral columns to all white matter was decreased at all vertebral levels in HAM/TSP, whereas the areas of the anterior and posterior columns were relatively increased (Table 2) . These results were not observed in the spinal cord in the ATL case. In the further analysis, the number of vimentin positive stellate cells was positively correlated with the number of sclerotic vessels in lateral column. These above findings suggest that alteration of blood flow in lateral column affect the heterogeneous distribution of the spinal cord atrophy.
Spinal cord atrophy and clinical disability
Spinal cord atrophy in HAM/TSP did not reveal any significant correlations with the clinical disability scores of EDSS and OMDS, although the spinal cords in these patients were clearly ACCEPTED MANUSCRIPT
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16 atrophied in the anteroposterior direction. This lack of correlation can be explained by diversity in hemodynamics and short disease duration. Blood flowing into the ASA and PSA has wide inter-individual variability in the number of anastomosis sites [16, 17] . In addition, various degrees of arteriosclerosis affect blood flow velocity. The damage to the spinal cord differs greatly between individuals and vertebral levels due to these hemodynamic variations.
In contrast with our findings, a previous study [9] found that spinal cord atrophy was significantly correlated with disease severity in HAM/TSP. This discrepancy cannot yet be fully explained, but it may be related to differences between the studies in the degree of clinical disability. Our patients had relatively early stage HAM/TSP (mean EDSS of 3.5), but in the previous paper [9] the mean EDSS was 6.0. This low EDSS score may have resulted in the lack of a significant relationship between spinal cord atrophy and the disability score.
Limitations
We evaluated gliosis with immunohistochemical staining of vimentin but not glial fibrillary acidic protein because the latter was unreliable in the present autopsy samples, possibly due to postpartum protein degeneration and overfixation of the spinal samples. Therefore, we counted the number of vimentin-immunopositive stellate cells, most of which were considered to be astrocytes. In the pathological study, the age of the HAM/TSP patient (80 years old) was higher
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A C C E P T E D M A N U S C R I P T 17 than that of the ATL patient (69 years old). Age may influence the morphology of the spinal cord even though its exact role is unknown.
Conclusion
To our knowledge, this is the first report indicating spinal cord atrophy in the anteroposterior direction using MRI. In pathological analysis, atrophy and pathological changes occurred predominantly in the slow blood flow areas of the spinal cord. Hemodynamic and anatomical factors are speculated to be among the main mechanisms of atrophy in the anteroposterior direction.
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HAM/TSP, HTLV-1-associated myelopathy/tropical spastic paraparesis; NC, normal control subject; APD, anteroposterior diameter; TD, transverse diameter; RTA, ratio of TD to APD; CSA, cross-sectional area; SD, standard deviation.
Significant differences between HAM/TSP and NC are indicated by * (P < 0.05). Table 2 Spinal cord parameters at each vertebral level in autopsy cases. 
